Introduction
Plants, yeast and most prokaryotes have an assimilatory sulfate reduction pathway, which is an essential metabolic process for the synthesis of sulfur-containing amino acids, sulfolipids and coenzymes Saito 1999, Leustek et al. 2000) . Sulfate reduction is initiated by the ATP-dependent activation of sulfate to adenosine 5 0 -phosphosulfate (APS) in a reaction catalyzed by ATP sulfurylase (ATPS), which is followed by reduction of APS via the plastidic enzyme APS reductase (APR) (Kopriva and Koprivova 2004) . The toxic intermediate, sulfite, generated in this step (Brychkova et al. 2007 , Lang et al. 2007 ) is converted to sulfide by sulfite reductase (SiR). The final step in the sulfate reduction pathway to generate cysteine comprises the reaction of sulfide with O-acetylserine (OAS), which is catalyzed by O-acetylserine (thiol) lyase (OAS-TL; EC 2.5.1.47) (Wirtz et al. 2004) .
SiR which is localized exclusively in the plastids (Khan et al. 2010 ) is expressed in nearly all tissue types (Bork et al. 1998 , Yonekura-Sakakibara et al. 1998 . The enzyme was shown to be a bottleneck for assimilatory sulfate reduction, affecting nitrogen and carbon metabolism and essential for growth and development in Arabidopsis thaliana (Khan et al. 2010) . In Arabidopsis and tomato, the two model plants used in this study, SiR is encoded by a single gene copy. SiR catalyzes the reduction of sulfite to sulfide in the presence of an appropriate electron donor (Nakayama et al. 2000 , Yonekura-Sakakibara et al. 2000 , Sekine et al. 2009 ). In anaerobic bacteria and fungi (NADPH-SiR, EC 1.8.1.2), the electron donor for the sulfite reduction is NADPH Brunold 1983, von Arb and Brunold 1986) , whereas in plants, sulfite reduction by SiR (Fd-SiR, E.C. 1.8.7.1) is processed in a ferredoxin (Fd)-dependent manner (Khan et al. 2010) in which a relatively high proportion of NADPH is needed to drive the electron transfer from Fd by Fd-NADP + reductase (FNR) (Yonekura-Sakakibara et al. 2000) . At present, there are a number of different methods available for the determination of SiR activity, but all have inherent disadvantages. For example, in the methods based on detecting the H 2 35 S formed from 35 SO 1975) , special care is required for working with radioactive gases. The sulfide formed may also be detected with an S 2À electrode (Ng and Anderson 1979) or by colorimetric assay after trapping with zinc acetate (Sekiya et al. 1982, Urlaub and Jankowski 1982) , but may give unacceptable standard errors (von Arb and Brunold 1983) . Indirect measurements of SiR activity include spectrophotometric monitoring of the increased absorbance of Fd at 422 nm (Krueger and Siegel 1982) or assaying the sulfite-dependent oxidation of reduced methyl viologen (MVH) at 604 nm (Hennies 1975) , both requiring anaerobic conditions, which are hard to control in experiments involving a large number of samples Brunold 1983, Schwenn and Kemena 1984) . The indirect monitoring of SiR activity by the observation of NADPH oxidation at 340 nm was employed only with recombinant SiR protein (Yonekura-Sakakibara et al. 2000 , Sekine et al. 2009 ).
As a result of these disadvantages, the method most commonly used for SiR detection is a coupled kinetic assay in which the sulfide formed is incorporated into the more easily detectable cysteine (Gaitonde 1967) , with the reaction being catalyzed by the OAS-TL present in the assay medium (von Arb and Brunold 1983 , Bosma et al. 1991 , Heeg et al. 2008 , Khan et al. 2010 , Randewig et al. 2011 . In this assay, dithionite acts as the reductant, and MVH (and not NADPH) as the sole electron donor. However, this method, too, has an inherent disadvantage in that it is complicated by the need to verify that the internal OAS-TL activity is not a limiting factor; this verification involves detecting OAS-TL activity in the extract in a separate assay Brunold 1983, Bosma et al. 1991) and/or supplementing the assay medium with a purified OAS-TL enzyme (Khan et al. 2010) .
To address the need for a reliable assay for SiR activity, we improved the coupled SiR/OAS-TL assay by the use of NADPH and tungstic acid. The application of tungstic acid improved SiR activity in desalted protein extracts from Arabidopsis and tomato leaves by 29 and 12%, respectively. The addition to the reaction medium of NADPH as an additional electron donor enhanced SiR activity by 1.6-and 2.8-fold in Arabidopsis and tomato, respectively, in comparison with the current protocols in which MVH is the sole electron donor.
Despite the plethora of methods for detecting SiR activity mentioned above-including our improved kinetic assaythere is still no convenient method for simultaneous determination of SiR activity in a large number of plant samples. Moreover, none of the methods is suitable for the detection of the SiR activity of isoenzymes or splice variants. We therefore developed a novel in-gel assay for SiR activity in plant crude extracts. In this method, lead acetate is added to the reaction medium to precipitate a brownish-black band of lead sulfide, as a result of the interaction of sulfide-the direct product of SiR activity-with lead acetate. This in-gel assay facilitates the detection of SiR activity in large numbers of samples of crude plant extracts with relatively little labor.
Results and Discussion

Modified kinetic assay for SiR activity
The natural electron donor for the reduction of sulfite to sulfide by SiR is Fd reduced by the NADPH/FNR/Fd cascade (Nakayama et al. 2000) . This was also demonstrated with purified recombinant maize and the unicellular red alga Cyanidioschyzon merolae SiR proteins, where the addition of NADPH to the reaction mixture, containing FNR and Fd, was essential to reconstitute SiR activity (Yonekura-Sakakibara et al. 2000 , Sekine et al. 2009 ). However, NADPH is not present in the coupled SiR/OAS-TL assay commonly used for the detection of SiR activity in plant crude or desalted extracts (Heeg et al. 2008 , Khan et al. 2010 , where dithionite is employed as a reductant and substrate, and MVH as an essential electron donor (Bosma et al. 1991) .
We sought to improve the SiR/OAS-TL kinetic assay using tomato and Arabidopsis as model plants and tested the need to add purified OAS-TL (from Arabidopsis) to the reaction medium. In all the assays performed, there was no difference in SiR activity whether or not purified OAS-TL was added to the reaction medium. However, to exclude any possibility of misleading results due to the shortage of endogenous OAS-TL, 1 U of purified OAS-TL was added to the further assays.
MVH is an essential component for kinetic SiR activity since no SiR activity was detected in the absence of MVH (Fig. 1,  Supplementary Fig. S1 ). Considering that enhancing the MVH level in the assay did not affect the SiR activity in the desalted Fig. 1 SiR activity in desalted extract of Arabidopsis (left) and tomato (right) leaves, as affected by NADPH. The assay was initiated by the addition of 50 ml of solution containing 70 or 280 mg ml À1 of desalted proteins of Arabidopsis or tomato, respectively, to 50 ml of reaction solution. The final volume of 100 ml contained, in addition to the desalted proteins, 25 mM phosphate buffer, pH 7.5, containing 6 mM O-acetyl-L-serine, 6 mM sodium dithionite (in 150 mM NaHCO 3 ), 1 U of purified OAS-TL and, where indicated, 0.7 mM methyl viologen and/or 50 mM NADPH. The reaction was stopped after 30 min with 1/4 vol. of 10% trichloroacetic acid (TCA). Cysteine was determined according to Gaitonde (1967 Supplementary Fig. S1 ), while NADPH appeared to be essential for the purified recombinant maize SiR (Yonekura-Sakakibara et al. 2000) , we investigated the effect of NADPH on SIR/OAS-TL activity. Importantly, only negligible levels of endogenous NADPH could be present in the assay, due to the protein desalting process (data not shown). When NADPH was added to the reaction medium in the absence of MVH, no SiR activity significantly different from zero could be detected (Fig. 1) . In contrast, supplementation of NADPH, as an additional electron donor to MVH, significantly enhanced SiR activity in both extracts: Arabidopsis and tomato by 1.6-and 2.8-fold, respectively, compared with 0 mM NADPH (Fig. 1) . Our results indicate that NADPH is important for the full recovery of SiR activity in vitro in desalted extracts of Arabidopsis and tomato leaves.
To improve the assay for SiR activity further, experiments were conducted to optimize the concentration of the substrate (dithionite as the source for sulfite). Maximal SiR activity was obtained when 6.0-6.5 mM sodium dithionite was present in the assay of Arabidopsis and tomato extracts (Fig. 2) , as shown previously by others (Bosma et al. 1991) . In addition, so that SiR activity could be determined accurately, it was necessary to block a parallel oxidation pathway for sulfite to sulfate, i.e. the oxidation of sulfite by sulfite oxidase (SO; EC 1.8.3.1), with the accompanying generation of H 2 O 2 , which can further oxidize the product of SiR activity-sulfide (Hoffmann 1977 )-thereby leading to the underestimation of SiR activity. To block the influence of SO, the desalted protein extracts were treated with tungstic acid, a specific inhibitor of molybdenumcontaining enzymes (Brychkova et al. 2012 , Xiong et al. 2012 . Tungstic acid treatment significantly enhanced SiR activity in terms of the dithionite levels tested but did not adversely affect the optimal concentrations of dithionite needed for the highest SiR activity. Enhancements of 29 and 12% were detected in Arabidopsis and tomato, respectively, at the optimal dithionite concentrations (6.0 mM; Fig. 2 ).
Since the tungstic acid treatment of the desalted proteins and supplementation of the reaction medium with NADPH enhanced SiR activity in separate assays, we investigated the influence of a range of NADPH levels on SiR activity in desalted Arabidopsis and tomato protein extracts treated with tungstic acids. Considering the significant SiR activity detected in the absence of NADPH (2.26 ± 0.28 and 0.53 ± 0.10 nmol cysteine min À1 mg À1 for Arabidopsis and tomato, respectively), a saturation curve response of SiR activity enhancement in response to the supplementation with NADPH was evident (Fig. 3) . The obtained K NADPH m , calculated from the linear dependency according to the Lineweaver-Burk equation (Lineweaver and Burk 1934) , was approximately 2-fold higher for tomato plants as compared with Arabidopsis. Considering that NADPH is needed to drive the electron transfer from Fd by FNR (Yonekura-Sakakibara et al. 2000) , this result indicates a higher affinity for NADPH of the FNR/SiR system in the Arabidopsis extract, where a higher SiR activity was detected compared with the SiR activity in tomato. Calibration for the optimal protein level revealed that 70-140 mg protein ml À1 for Arabidopsis and 140-280 mg protein ml À1 for tomato leaf extract were sufficient for optimal SiR activity in the modified assay. Under these optimized conditions, the accumulation of the generated cysteine was linear for at least 30 min for both Arabidopsis and tomato extracts (Fig. 4A, B) , and was significantly higher in Arabidopsis than in tomato (Fig. 4C) . Importantly, in the improved assay, Arabidopsis SiR activity was about 1.5 times higher than the activity published by others [compare 3.81 ± 0.41 ( Fig. 4C ) with 2.5 ± 0.4-2.3 ± 0.5 nmol mg À1 min À1 published by others (Heeg et al. 2008 , Khan et al. 2010 ]. These results indicate that the addition of NADPH and tungstic acid is essential for the proper estimation of SiR kinetic activity.
SiR in-gel activity
The coupled kinetic SiR assay requires a protein desalting step, which is both time and labor intensive, especially when it is necessary to analyze and compare a large number of samples at the same time. Therefore, an in-gel SiR activity assay for simultaneously analyzing a large number of samples of crude extracts is needed. In addition, unlike the kinetic assays, such an assay would facilitate the detection and analysis of active SiR isoenzymes and splice variants in crude protein extracts.
It has previously been shown that SiR proteins in gels can be identified by their reaction with a specific antibody raised against Arabidopsis SiR (kindly provided by S. Heinhorst, Fig. 2 SiR activity in desalted extract of Arabidopsis (left) and tomato (right) leaves, as affected by dithionite. The assay was initiated by the addition of 50 ml of a solution containing 70 or 280 mg ml
À1
Arabidopsis or tomato desalted proteins, respectively, that had been treated, or not, with 1 mM tungstic acid for 30 min, to 50 ml of reaction solution. The final volume of 100 ml contained, in addition to the desalted proteins, 25 mM phosphate buffer, pH 7.5, 6 mM O-acetyl-L-serine, 0.7 mM methyl viologen, 0.05 mM NADPH, 1 U of purified OAS-TL and the indicated concentrations of sodium dithionite (in 150 mM NaHCO 3 ). The reaction was performed as described in Fig. 1 . The results represent the means (±SD) of four independent experiments. Different upper case letters indicate significant differences between different dithionite levels (Tukey-Kramer HSD test, JMP 8.0 software, http://www.jmp.com/). Different lower case letters indicate significant differences between samples treated or not treated with tungstic acid within the same reaction conditions (P < 0.05, Student's t-test, JMP 8.0 software, http://www.jmp.com/).
University of Southern Mississippi, USA). Importantly, this antibody has been shown to be specific for the SiR from a variety of plant species (Chi-Ham et al. 2002) . Since the tomato SiR protein has high similarity to Arabidopsis, soybean and pea SiR proteins (62.4% identity plus 19% similarity on a stretch of 697 amino acids; see Supplementary Fig. S2 ) and since the antibody raised against Arabidopsis SiR cross-reacted with soybean and pea SiR proteins, it was expected that the Arabidopsis antibody would also cross-react with the tomato SiR protein. Thus, we based the development of our in-gel assay on the premise that the SiR antibody, together with the use of protein crude extracts from SiR overexpression (OE) and RNA interference silenced (Ri) tomato and Arabidopsis mutants, would provide an excellent tool to identify SiR in-gel activity and to verify that the bands visualized in the gel are indeed bands indicating SiR activity. To this end, Arabidopsis and tomato SiR OE and Ri mutants were generated, as described in the Materials and Methods, exhibiting SiR kinetic activities that were higher and lower, respectively, than those of the corresponding wild types (Fig. 5A, D) . Then, we verified, by native immunoblot analysis, the reliability of the cross-reacting material by employing an antibody raised against Arabidopsis SiR recombinant protein (Chi-Ham et al. 2002) . The intensities of the recognized SiR OE and Ri proteins were higher and lower, respectively, than those of the relevant wild types; the data so obtained were similar to the results of the coupled SiR kinetic assay ( Fig. 5; compare Fig. 5A and B for Arabidopsis and Fig. 5D and E lower insert, for tomato). Importantly, the relative mobility (R f ) values of Arabidopsis and tomato SiR proteins in the native gel were 0.55 and 0.51, respectively ( Fig. 5B and E lower insert). The slightly different mobility of Arabidopsis and tomato SiR proteins in the native polyacrylamide gel could be a result of differences in protein charge and conformation (Li et al. 1994) .
Our SiR in-gel activity method is based on the detection of sulfide, the final product of SiR activity. Sulfide can be straightforwardly detected in gels as a highly insoluble brownish-black precipitate of lead sulfide (Willhardt and Wiederanders 1975, Manchenko 1994 ). In our experiments, crude extracts of Arabidopsis and tomato wild-type plants, as well as SiR OE and SiR Ri Arabidopsis mutants, were subjected to electrophoretic gel fractionation under native conditions (Sagi et al. 1998 , Yesbergenova et al. 2005 , Brychkova et al. 2008 ). The gel containing the fractionated proteins was submerged in the reaction medium, as described in the Materials and Methods. Brownish-black bands that were clearly visible and stable with time developed in the extracts from wild-type and OE plants (with a several fold higher intensity in the latter), while no bands or hardly any bands appeared in the SiR Ri mutant extracts ( Fig. 5C and E upper insert). Importantly, identical to the R f revealed in the immunoblot analysis, the R f values of SiR activity bands were 0.55 for Arabidopsis and 0.51 for tomato plants (compare in Fig. 5B vs. C and E upper vs. lower insert). Furthermore, when the lead sulfide bands (Fig. 5C) were sliced out and re-fractionated in SDS-gel, they cross-reacted with the SiR-specific antisera and exhibited an identical molecular weight for tomato and Arabidopsis SiR proteins (Fig. 5F) , thereby indicating the validity of the measurement of SiR activity in the in-gel assay. Fig. 3 Response of SiR activity to various levels of NADPH in tungstate-inhibited Arabidopsis (A) and tomato (B) protein extracts. Proteins were incubated with 1 mM tungstic acid for 30 min assay initiation. The assay was initiated by the addition of 50 ml of the protein solution containing 70 or 280 mg ml À1 Arabidopsis or tomato desalted proteins, respectively, to 50 ml of reaction solution. The final volume of 100 ml contained, in addition to the desalted proteins, 25 mM phosphate buffer, pH 7.5, containing 6 mM O-acetyl-L-serine, 6 mM sodium dithionite (in 150 mM NaHCO 3 ), 1 U of purified OAS-TL, 0.7 mM methyl viologen and NADPH at the indicated levels. The activity values obtained in the presence of MVH, when NADPH was absent (2.26 ± 0.28 and 0.53 ± 0.10 nmol cysteine min À1 mg À1 for Arabidopsis and tomato, respectively), were deducted from all the activity values obtained in the presence of MVH/NADPH. The resulting data are presented as the added SiR activity. Inserts show linearization of the data according to the Lineweaver-Burk equation (Lineweaver and Burk 1934) . The results represent the means (±SD) of four experiments.
To optimize the reaction conditions, different NADPH concentrations were added to the assay medium as an additional electron donor to MVH, as was done successfully with the coupled kinetic assay (see Figs. 1, 3) . Indeed, the presence of NADPH facilitated the development of clearer brownish-black bands for both Arabidopsis and tomato, as compared with the bands that appeared in the absence of NADPH. The highest band intensity was obtained in the presence of 0.05 mM NADPH, while a further increase in the concentration of NADPH reduced the SiR band intensity (Fig. 6) .
We then investigated whether the presence of tungstic acid would improve SiR in-gel activity, as it did for the modified SiR kinetic assay. To this end, 1 mM tungstic acid was added either to the assay medium or directly to the protein extract 30 min before fractionation. In contrast to the kinetic assay, in the in-gel assay, tungstic acid had no effect on the SiR activity in both the Arabidopsis and tomato extracts (Fig. 7) . These results indicate that the improvement conferred by tungstic acid in the SiR kinetic assay does not result from its direct effect on SiR protein activity or on the reaction assay components, but rather, most probably, results from tungstate's inhibition of SO activity (Brychkova et al. 2012 , Xiong et al. 2012 ). This inhibition prevents the appearance of the SO-generated H 2 O 2 step (Brychkova et al. 2007 ) that would eliminate, from the assay, the sulfide generated by the SiR-mediated reduction of sulfite (Hoffmann 1977) . The conditions of the in-gel assay, in which the fractionation results in SO and SiR separation, enable lead acetate to react with sulfide without interference from SO-generated H 2 O 2 .
The thermostability of SiR was investigated by heating the desalted extracts for 90 s at different temperatures, as described before (Sagi et al. 1999) . SiR proteins of both Arabidopsis and tomato plants showed thermostability up to 60 C, with activity decreasing after heating to higher temperatures. Impressively, heating up to 60 C increased SiR in-gel activity compared with its activity in non-heated desalted extracts (Fig. 8) . The increase in SiR activity can be attributed to the heat release of additional SiR proteins from broken chloroplasts (von Arb and Brunold 1983) or to the dissociation of SiR from the chloroplast complex matrices, resulting in better protein migration and fractionation in the gel. In light of the above results, pre-heating to 55 C for 90 s is recommended for assaying SiR activity in native gels (Figs. 5-7) .
Our final experiments were designed to investigate the correct amounts of proteins in the crude extracts of Arabidopsis and tomato leaves required to give an accurate determination of SiR in-gel activity. Impressively, for the Arabidopsis crude extract, a weak band was evident, even with as little as 1.5 mg of soluble proteins loaded per well. The band intensity of SiR activity correlated with SiR protein (Fig. 9A) and both increased linearly with protein loading up to 56 mg per well in Arabidopsis extracts (Fig. 9A, B) . In tomato leaf extracts, 20-25 mg of soluble proteins in crude extract per well constituted the optimal dose for obtaining clear SiR activity (Fig. 9C) .
Conclusions
The modification of the SiR kinetic assay, particularly the addition of NADPH as an electron donor in the reaction medium and the inhibition of the substrate competitor SO by protein pre-treatment with tungstic acid, improved the sensitivity of the coupled assay system. Unfortunately, the coupled method requires the presence of unlimited endogenous OAS-TL activity or the supplementation of the assay medium with purified OAS-TL. Additionally, the assay requires an additional purification step of sample desalting.
The novel in-gel activity assay, which is based on the direct detection of sulfide as a brownish-black, highly insoluble Fig. 4 SiR activity as affected by Arabidopsis (A) and tomato (B) protein levels in the assay medium. The assay was performed as described in Fig. 2 . The assay volume of 100 ml contained 25 mM phosphate buffer, pH 7.5, 6 mM O-acetyl-L-serine, 0.7 mM methyl viologen, 0.05 mM NADPH, 1 U of purified OAS-TL, 6 mM sodium dithionite (in 150 mM NaHCO 3 ) and desalted Arabidopsis or tomato leaf proteins, in the indicated protein amount per assay, treated with 1 mM tungstic acid prior the assay. (C) Statistical analysis of the kinetic linear curves presented in (A) and (B). The results represent the means (±SD) of four independent experiments. Different upper case letters indicate significant differences of SiR activity (per mg protein) between protein levels employed in the assay, within tomato or Arabidopsis desalted extracts (Tukey-Kramer HSD test, JMP 8.0 software, http://www.jmp.com/). Different lower case letters indicate significant differences of SiR activity, between tomato and Arabidopsis, when the assays were performed with identical concentrations of desalted proteins (P < 0.05, Student's t-test; two tailed distribution for unequal variance, JMP 8.0 software, http://www.jmp .com/). precipitate of lead sulfide, has the advantage that it facilitates the detection of SiR activity in crude plant extracts. Its additional advantages are that it is fast, reliable, technically simple and does not require expensive equipment. Moreover, this method is extremely valuable for experiments that involve large numbers of samples since many samples can be handled simultaneously by one person. Finally, the method will facilitate the detection and analysis of active SiR isoenzymes and splice variants.
Materials and Methods
Chemicals
Leupeptin, aprotinin, pepstatin, ammonium persulfate, MES hydrate, N,N 0 -methylenebisacrylamide, Ponceau S, EDTA, Triton 
Plant materials and growth conditions
Tomato (Lycopersicon esculentum/Solanum lycopersicum Mill. cv. Rheinlands Ruhm) wild type and SiR mutants (see below) (F) Re-fractionation of the activity of the lead sulfide bands by SDS-PAGE, followed by immunoblotting with SiR antibodies, was compared with a negative control of a non-stained area of the gel (NG). The results represent the means of four experiments, from which representative zymograms and Western blots are shown. Band intensities were quantified using ImageJ software (http://rsbweb.nih.gov/ij/). Relative intensity (RI) was compared within plant species. Immunoblotted bands were visualized by the ECL detection system, using the SuperSignal West Pico Chemiluminescent Substrate (Pierce, www.piercenet.com/), and were analyzed by Quantity One version 4.5.1 software (www.bio-rad.com/prd/ . . ./Quantity_One_1-D_Analysis_Software). Relative mobility (R f ) values of the visualized immunoblotted proteins and activity bands were calculated as the distance migrated by a protein band divided by the distance migrated by the dye front.
were grown in pots filled with a mixture of peat and vermiculite (4 : 1, v/v) containing slow-release high-N Multicote 4 with microelements (0.3% w/w; Haifa Chemicals Ltd; http://www .haifachem.com/). Arabidopsis thaliana (ecotype Columbia-0) wild-type and SiR mutant plants (see below) were germinated on plates containing 50% MS medium supplemented with 0.25 g l À1 of MES, 0.5% sucrose, 0.8% agar and 0.5 mM glutathione (which was added to support the mutants with suppressed SiR expression at the early stages of their development as previously described) (Khan et al. 2010) . The seedlings were transferred to sterilized low-nutrient soil at the age of 8-9 d to obtain fully grown plants. Arabidopsis and tomato plants were grown in a growth room under 12 h light/12 h dark, 22 C, 75-85% relative humidity, and with 100 mE m À2 s À1 light intensity, as described before (Brychkova et al. 2007 ).
Generation of transgenic plants
For cloning Arabidopsis and tomato SiR cDNA, total RNA was extracted with an RNeasy plant mini kit (Qiagen; http://www .qiagen.com/) according to the manufacturer's instructions. The reverse transcriptase reaction for cDNA generation was performed as previously described by us (Brychkova et al. 2007 ).
To generate the AtSiR overexpression lines, full-length AtSiR cDNA was obtained using the forward primer AGTCTCGAGAT GTCATCGACGTTTCGAGCTCCGG containing an XhoI restriction site (underlined) and the reverse primer TACGAATTCTTC ATTGAGAAACTCCTTTGTATGTA containing an EcoRI site (underlined). To generate the LeSiR overexpression lines, the full-length LeSiR cDNA (GenBank accession No. JQ341913) was obtained using the forward primer TTCCTCGAGATGACGACG TCGTTTGGAGC containing an XhoI restriction site (underlined) and the reverse primer GTGAATTCGTCAGTCCATGCT TTTCCCA containing an EcoRI site (underlined). Phusion DNA polymerase (Finnzymes, http://www.finnzymes.com/) was used Fig. 9 Effect of the amount of crude protein in the assay on SiR protein and in-gel activity. SiR in-gel activity (A, upper insert) and SiR protein level (A, lower insert) in Arabidopsis crude extract (A) and SiR activity in tomato crude extract (C) as affected by the protein level. Leaf protein extracts were heated to 55 C for 90 s before being subjected to native PAGE fractionation. The assay medium content is as described in Fig. 5 . A representative of three independent zymograms loaded with different plant extracts is shown. SiR in-gel activity and protein intensities were quantified employing ImageJ software (http://rsbweb.nih.gov/ij/). (B) Pearson correlation analysis of the relative intensity (RI) the SiR activity bands vs. SiR protein RI, as affected by the amount of crude Arabidopsis protein presented in A, was performed with R software (http://www.wessa.net/rwasp_correl-ation.wasp/). The r is the Pearson product-moment correlation coefficient. Immunoblotted bands were visualized by the ECL detection system, using the SuperSignal West Pico Chemiluminescent Substrate (Pierce, www.piercenet.com/). The results represent the means (±SD) of three experiments. Fig. 7 Tungstate dependency of Arabidopsis and tomato SiR in-gel activities. Proteins were incubated in the presence or absence of 1 mM tungstic acid for 30 min. Crude proteins (20 mg in each lane) were subjected to native PAGE for protein fractionation and then exposed, as described in Fig. 5 , to the assay solution supplemented, or not, with 1 mM tungstic acid. Band intensities were quantified using ImageJ software (http://rsbweb.nih.gov/ij/). Relative intensity was compared within plant species. A representative of three independent zymograms loaded with different plant extracts is shown. Fig. 6 Response of SiR in-gel activity to various levels of NADPH. Arabidopsis and tomato crude leaf extracts (20 mg of soluble protein in each lane) were analyzed as described in Fig. 5 with the above-indicated NADPH levels. A representative of four independent zymograms loaded with different plant extracts is shown. Fig. 8 Thermostability of Arabidopsis (left) and tomato (right) SiR in-gel activities. Crude protein extracts (0.33 mg ml À1 ) were heated for 90 s at the indicated temperatures, and 60 ml of protein solution were loaded into each well. The assay was conducted as described in Fig. 5 . Band intensities were quantified using ImageJ software (http://rsbweb. nih.gov/ij/). A representative of three independent zymograms loaded with different plant extracts is shown.
to amplify the fragments. The resulting 1,929 bp and 2,094 bp PCR products spanning the AtSiR and LeSiR coding regions, respectively, were ligated correspondingly to pART7 and thereafter inserted into pML-BART (for the Arabidopsis gene) or pART27 (for the tomato gene) via NotI flanking sites.
For Arabidopsis and tomato SiR gene silencing, 86 bp PCR products were isolated from AtSiR and LeSiR cDNAs. For the Arabidopsis construct, the forward primer was CGTCTAGACT CGAGCTTTTCCTTTGTGCCCTCTGG, containing XbaI and XhoI restriction sites (underlined), and the reverse primer was CCATCGATGAATTCCTTTTCAAACATTGCCCTAACTCTC, containing ClaI and EcoRI sites (underlined). For the tomato construct, the forward primer was TTTGTCTAGACTCGAG CT TTTCCACTTTGTCCTCTA, containing XbaI and XhoI restriction sites (underlined), and the reverse primer was CCAATCG ATGAATTCCTTGTCAAACATAGCTCTAA, containing ClaI and EcoRI sites (underlined). For both tomato and Arabidopsis, the sense and antisense fragments were ligated to the pRNA69 plasmid via the restriction sites XhoI/EcoRI and XbaI/ClaI, respectively, both separated by a 631 bp intron insert. The resulting constructs were digested, and the cassettes containing the 35S promoter and the AtSiR or LeSiR fragments were inserted via NotI flanking sites into the binary vector pML-BART or pART27, respectively (a gift from Dr. Yuval Eshed, Weizmann Institute of Science, Rehovot, Israel).
The constructs for Arabidopsis or tomato transformation, confirmed by sequencing, were introduced into Agrobacterium tumefaciens strain GV3101 by electroporation and transformed into Arabidopsis and tomato plants (L. esculentum/S. lycopersicum Mill. cv. Rheinlands Ruhm) as described before (Brychkova et al. 2007 ). Transformed Arabidopsis lines were first selected by resistance to Basta Õ (glufosinate ammonium; Aventis CropScience; http://www.aventis.com) and transformed tomato were selected by resistance to kanamycin.
For verification of AtSiR and LeSiR interference lines, the specific fragments of 590 bp were amplified using plant genomic DNA as template, employing the reverse primer TCTTCC AAATCATAAGGTCTCCAAGTC, that spanned the intron region, and the forward primer ATCATTGCGATAAAGGAAA GGCTATCA, that spanned the region in the 35S promoter of the pRNA69 plasmid. The obtained fragments were sequenced for verification.
Transformed Arabidopsis and tomato SiR overexpression plants were verified through identification by sequencing of the 1,186 bp (AtSIR) and 1,033 bp (LeSIR) PCR products, employing the reverse primer GGATCTGAGCTACACATGCT that spanned the multicloning site region and GACCTCCTCACCAA TGACATTG or TTGAACCCTGCCGTGAATT as specific forward primers of the AtSiR or LeSIR cDNA inserts, respectively. Homozygous Arabidopsis and tomato modified lines that contained a single-site transgene insertion were used for the experiments. Sequence analysis was performed using the ABI Prism Big Dye Terminator Cycle Sequencing Ready Reaction Kit on an ABI Prism 310 cycle sequencer (PE Applied Biosystems; http://www.appliedbiosystems.com).
Extraction and purification of O-acetylserine (thiol) lyase
For purification of the OAS-TL protein, 20 g of Arabidopsis leaves were extracted in 0.05 mM Tris-HCl, pH 7.5, supplemented with aprotinin (10 mg ml À1 ), leupeptin (10 mg ml À1 ) and pepstatin (10 mg ml À1 ) as protein inhibitors. After centrifugation at 4 C and 14,000Âg for 15 min, the supernatants were heated for 90 s at 65 C, followed by centrifugation and ammonium sulfate precipitation (35-75%). The resulting precipitates were dissolved in 0.05 M Tris-HCl, buffer pH 7.5, and desalted on a Sephadex G-25 column (www.gehealthcare.com/) equilibrated with the same buffer. All the following purification steps were carried out at a flow rate of 0.5 ml min
À1
. The protein extracts were loaded into hydroxyapatite columns (10 ml, Amersham-Pharmacia-Biotech UK) connected to a MinipulsII pump equipped with an FC 203B fraction collector (Gilson, http://www.gilson.com). OAS-TL proteins were eluted by applying a linear gradient 0-200 mM phosphate buffer, pH 7.5, and the eluted fractions were selected according to the OAS-TL activity. SiR activity was absent due to the fractionation and the application of 65 C for 90 s during purification. OAS-TL activity was measured as described in Youssefian et al. (1993) , and the cysteine was detected according to Gaitonde (1967) , using a ninhydrin reagent. The final purification of OAS-TL proteins was carried out in a linear gradient of 0-125 mM phosphate buffer, pH 7.5, resulting in a 124-fold purification level. The purified OAS-TL was precipitated with 80% ammonium sulfate and concentrated by desalting through Sephadex G-25 to a volume of 3 ml in 25 mM phosphate buffer, pH 7.5.
Protein extraction for SiR in-gel assay and immunoblotting
The tomato and Arabidopsis leaf samples were each crushed with a mortar and pestle in liquid nitrogen, where PVPP and sea sand were added directly to the mortar 1/20 (w) for each sample. Buffer, containing 0.25 M sucrose, 50 mM Tris-HCl (pH 7.5), 1 mM EDTA, 0.025% Triton X-100 and a protein inhibitor mix (aprotinin, leupeptin and pepstatin, 10 mg ml À1 each) was added to each sample in a 1 : 20 ratio (w/v). The crushed plant material was centrifuged (Eppendorf 5417R http://www.eppendorfna.com) at 2,200 r.p.m. for 10 min, mixed by vortexing, incubated on ice for 30 min and centrifuged at 14,000 r.p.m. for 20 min. The resulting supernatant was heated at 55 C for 90 s (unless otherwise specified) and subjected to centrifugation at 14,000 r.p.m. for 5 min. The total soluble protein content in the resulting supernatant was determined according to the Bradford method, with BSA as the standard (Bradford 1976) .
Native PAGE and immunoblot analysis
For direct measurement of SiR protein, the crude extract proteins were fractionated over 4 h at 10 mA, by 6 cm 7.5% native PAGE, as described previously (Sagi et al. 1998 , Yesbergenova et al. 2005 , Brychkova et al. 2008 . After fractionation, the gels were blotted onto a polyvinylidene fluoride (PVDF) membrane, according to standard procedures (Brychkova et al. 2007) , followed by immunoblotting with the specific antibodies raised against SiR (provided by Professor S. Heinhorst, University of Southern Mississippi, USA). The gels were visualized in Gel-Doc (Bio-Rad, www.bio-rad.com/) by staining with an ECL detection system, using the SuperSignal West Pico Chemiluminescent Substrate (Pierce, www.piercenet.com/) according to the manufacturer's instructions. Band intensities were quantified by using Quantity One software version 4.5.1 (www.bio-rad.com/prd/. . ./Quantity_One_1-D_Analysis_ Software) and ImageJ software (http://rsbweb.nih.gov/ij/). The R f of the visualized proteins was calculated as the distance migrated by a protein band divided by the distance migrated by the dye front.
Direct in-gel SiR activity
In-gel SiR activity was detected using a modified protocol of H 2 S in-gel visualization (Willhardt and Wiederanders 1975, Manchenko 1994) . The reaction solution contained 0.05 M Tris-HCl, pH 7.5, 50 mM b-mercaptoethanol, 6 mM sodium dithionite (dissolved in 150 mM NaHCO 3 ), 0.7 mM MVH, 0.05 mM NADPH (unless otherwise specified) and 0.4 mM lead acetate. When required, the reaction time was extended by adding fresh reaction solution. The reaction was stopped by immersion of the gel in double-distilled water. For verification, the detected activity bands were excised and subsequently re-fractionated by 10% SDS-PAGE as described before (Brychkova et al. 2007) , blotted, and immunodetected with the SiR antibody as described above. The R f of the visualized activity bands was calculated as the distance migrated by an activity band divided by the distance migrated by the dye front. Band intensities were quantified by using ImageJ software (http://rsbweb.nih.gov/ij/).
Kinetic assays for SiR activity
To estimate SiR activity by kinetic assay, leaf samples were extracted in a 1 : 4 ratio (w/v) in 0.05 M phosphate buffer (pH 7.5), supplemented with the protein inhibitor mix (aprotinin, leupeptin and pepstatin, 10 mg ml À1 each). The extracted proteins were centrifuged at 14,000 r.p.m. for 20 min, and the resulting supernatants were passed through Sephadex G-25 Columns (Pd-10, GE Healthcare, http://www.gelifesciences.com) equilibrated with the same buffer as that used for extraction.
SiR activity was determined over 15-30 min (unless otherwise specified) at 37 C in a modification of the assays of Bosma et al. (1991) and Khan et al. (2010) . The modified assay medium contained 25 mM phosphate buffer, pH 7.5, 6 mM O-acetyl-Lserine (dissolved in 100 mM HEPES-NaOH, pH 7.5), 6 mM sodium dithionite (dissolved in 150 mM NaHCO 3 , unless otherwise specified), 0.05 mM NADPH (unless otherwise specified), 0.7 mM methyl viologen and 1 U of 124-fold purified OAS-TL. Specified amounts of desalted proteins were added to the assay after incubation with 1 mM tungstic acid for 30 min (unless otherwise specified). The cysteine formed as the final product in the assay was detected by the method of Gaitonde (1967) , using a ninhydrin reagent.
Statistical analysis
Immunodetection of protein and enzyme activities was performed on 3-6 independent protein preparations from different experiments. Each treatment was evaluated using analysis of variance (ANOVA; Student's t-and Tukey-Kramer HSD tests, JMP 8.0 software, http://www.jmp.com/). The K m was calculated from the Lineweawer-Burk plot 1/V = (1/V max ) + (K m /V max ) Â 1/[S] (Lineweaver and Burk 1934) . Fit linearity was evaluated by regression analysis (JMP 8.0 software, http://www.jmp.com/). The Pearson correlation analysis was performed in R statistical software (Wessa 2012 , http://www.wessa.net/rwasp_correlation.wasp/).
Supplementary data
Supplementary data are available at PCP online.
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